The shallow sections of most holes drilled during Ocean Drilling Program Leg 139 contain alkenones derived from prymnesiophyte algae. The alkenones indicate a paleotemperature of the photic zone in the upper ocean during primary carbon fixation of 7°-15°C, with an average of 10.7°C. Based on laboratory hydrous pyrolyses these alkenones are altered to unknown products around 200°C and are thus useful as thermal probes. The disappearance of the alkenones occurs at various depths below seafloor in accordance with observed heat flows.
INTRODUCTION
Molecular stratigraphy utilizes specific organic compounds (biomarkers) with distinct biological origins to characterize sedimentary sequences (Brassell et al., 1986; Farrimond et al., 1990a) . One such class of biomarkers is a group of long-chain (C37 to C39) alkenones. These compounds elute late in the gas chromatograms of the bitumen extracts, generally without interference from other compounds and are resolved into three peak clusters (Sikes and Volkman, 1993 , and references therein). These alkenones are widespread in Quaternary marine sediments and preserve a record of past sea-surface temperature (Marlowe et al., 1990; Brassell et al., 1986) . They are derived primarily from prymnesiophyte algae such as Emiliania huxleyi (e.g., Marlowe et al., 1990; Volkman et al., 1980) , in which the degree of alkenone unsaturation, expressed as an index (U‰ = [37:2]/([37:2] + [37:3])), is linear vs. the growth temperature determined by laboratory culture experiments with Emiliania huxleyi and field correlations (Prahl and Wakeham, 1987; Sikes and Volkman, 1993) .
These alkenones were found in sediments from Middle Valley recovered during Ocean Drilling Program (ODP) Leg 139 (Davis, Mottl, Fisher, et al., 1992) . This study confirms the molecular identity of these compounds by mass spectrometry, assigns a temperature scale to the \Jf 7 index based on current calibration curves for the source algae, and evaluates the thermal stability of these compounds vs. depth below seafloor in a hydrothermal system so that they may be applied as geothermal probes.
Middle Valley, a northern segment of the Juan de Fuca Ridge, is a sedimented spreading center over zero-aged crust with limited discharge of hydrothermal fluids. Four sites were drilled during Leg 139 in four distinct hydrologic environments ( Fig. 1) , all within 5 km of each other. Site 855 represents the recharge area at the eastern fault boundary of the rift, Site 856 is in a relict sulfide deposit, at Site 857 the scientific party attempted to sample the hydrothermal reservoir, and Site 858 is in the active hydrothermal vent region (Davis, Mottl, Fisher, et al., 1992) . All sediments analyzed here are of Pleistocene age.
EXPERIMENTAL METHODS
Initial screening of sediment extracts for alkenones was carried out on board the JOIDES Resolution using the solvent supernatant from the fluorescence extraction, which was removed and concentrated for analysis (Davis, Mottl, Fisher, et al., 1992) . Additional wet sediments were extracted both on board and in the laboratory with methanol/ft-hexane (1:2) by shaking, subsequent centrifugation (2000 rpm), and removal of the hexane supernatant, leaving behind the methanol/water phase. Freeze-dried sediment samples were ground gently in an agate mortar, and about 500 mg of each was weighed out and transferred into 1-dram screw-capped vials for similar extraction. Hexane (2 mL) was added and the suspension was heated at 60°C in a water bath and shaken occasionally for 2 hr. The clear supernatant solution was pipetted into a second vial and the extraction was repeated with another 1-mL aliquot of hexane. Combined extracts were evaporated under nitrogen blow-down at 30°C to volumes of 10 to 40 µL. A 1-to 3-µL sample was then injected into the gas chromatograph (GC) or GC-mass spectrometer (MS) using normal protocol. The alkenones were identified by comparison of the retention times with prior data and in the laboratory with authentic standards and confirmation by GC-MS. The final results are based on the ratio of the relative C 37 alkadienone and C 37 alkatrienone concentrations as determined from high-resolution GC and GC-MS (total ion current signal). The total C 37 alkenones are also reported as a ratio relative to n-C 29 H 60 .
Hydrous pyrolysis was carried out for the alkenone alteration (Leif etal., 1991 (Leif etal., ,1992 . A 250-mL stainless steel vessel (Parr Instrument T316SS) equipped with a thermocouple for temperature control (±2°C) and a gage block assembly for recovery of volatile compounds was used for the reactions. Conditioning of the vessel prior to each experiment was done by heating it with 63.5 mL of water at 350°C for 24 hr. For each experiment 10 g of sediment and 63.5 mLof deoxygenated water (bubbled with N 2 to degas) were combined in the reaction vessel. Assembly of the reaction vessel was done in a glove bag under a nitrogen atmosphere. The vessel was then placed in a heater and the temperature was maintained at 200°, 250°, 300°, and 350°C, respectively, for 24 hr each. The vessel was cooled to room temperature before opening after each run and the contents were transferred to a separatory funnel. The interior of the vessel was rinsed with methanol and methylene chloride, which were added to the separatory funnel, and the organic fraction was separated. The water was extracted with two additional 20-mL portions of methylene chloride. The organic fractions were combined and concentrated. The products were fractionated by column chromatography (Kawka and Simoneit, 1987) into three fractions. The alkenones were eluted in fraction 2.
The GC aboard ship is a Hewlett-Packard Model 5 890A, fitted with a 30 m × 0.25 mm capillary column coated with DB-1 (1.0 µm film thickness). The temperature was programmed as isothermal for 3 min at 30°C, 10°C/min to 220°C, 4°C/min to 300°C, and isothermal for 15 min, with the injector at 250°C, flame ionization detector (FID) at 300°C, and helium as the carrier gas. The GC in the laboratory is also a Hewlett-Packard Model 5890A equipped with a 30 m × 0.25 mm capillary column coated with DB-5 (0.25 µm film thickness). The GC oven temperature was programmed from 65 °C (hold for 2 min) to 310°C at 4°C/min and isothermal for 30 min, with the injector at 290°C, FID at 325°C, and He as the carrier gas.
Analyses by GC-MS were carried out with a Finnigan Model 9610 gas chromatograph coupled to a Finnigan Model 4021 quadrupole mass spectrometer operated at 70 eV over the mass range 50-650. The GC was fitted with an identical column to the one described above for the analytical GC, and the same temperature program and operating conditions as for the laboratory GC described above were used. The GC-MS data were acquired and processed with an on-line Finnigan-Incos Model 2300 computer data system.
RESULTS AND DISCUSSION
The alkenone unsaturation index (U‰) was calculated for these samples after confirmation of the compound composition by GC-MS. The index is based on the expression (Brassell et al., 1986 ):
The calibration curve used is that tested by Prahl and Wakeham (1987) and further extended by extrapolation to colder waters in the Southern Ocean by Sikes and Volkman (1993) . The data were converted to temperature estimates using the calibration equation: U‰ = 0.042 T -0.164 (Sikes and Volkman, 1993) . The relative concentrations of the C 37 alkenones (sum of C 37:2 + C 37:3 ) were also compared to the concentration of rc-nonacosane, which is a conservative alkane into the organic matter maturation window for the Middle Valley hydrothermal system. The even n-alkane concentrations increase and the odd n-alkane concentrations generally remain constant relative to the total extract yield as the temperature rises during maturation (Simoneit, this volume) . Therefore, the assumption that π-nonacosane is conservative is reasonable in the absence of absolute quantitation. Thus, the decrease in the alkenone/alkane ratio, that is,
from high values (~6) to unity, reflects the decrease in the relative C 37 alkenone concentrations (Davis, Mottl, Fisher, et al., 1992) . The results are listed in Table 1 . An example of the salient features of the GC-MS data for the alkenones is shown in Figure 2 . The molecular ion intensities of the C 37 alkatrienone (m/z 528) and the C 37 alkadienone (m/z 530) are plotted, and these coincide with the two dominant peaks in the total ion current trace. The mass spectra of these two compounds match the fragmentation patterns of the published standards (Rechka and Maxwell, 1988a, 1988b) and also match the same compounds isolated from Emiliania huxleyi cultures (K. Amthor, unpubl. data).
The thermal stability of the alkenones has been examined by hydrous pyrolysis of immature seabed sediments from Guaymas Basin, Gulf of California, at discrete temperatures. In the first hydrous pyrolysis series, only temperature was varied and not time, which remains for future experiments. The U^ index of the starting sediment is 0.81, and after heating at 200°C the ratio is 0.69, showing preferential alteration of the alkenones to unknown products. The ratio of the relative concentrations of the sum of C 37;2 + C 37:3 alkenones to n-nonacosane (Table 1 ) decreases in the 200°C experiment, indicating loss of the alkenones. The alkenones are not detectable in the products from the hydrous pyrolysis at 250°C, indicating their complete thermal alteration between 200° and 250°C. Because the hydrothermal alteration of organic matter in sedimented rifts is a rapid process (Simoneit, 1990 (Simoneit, , 1991 Simoneit et al., 1992; Peter et al., 1991) , these laboratory simulations should closely mimic the natural systems. Thus, the in-situ temperature in the sediments where these alkenones disappear at depth could have approached a maximum of about 200°C for a brief time interval, or based on the present in-situ temperatures (Table 2) , the alkenones were altered at lower temperatures (20°-80°C) over longer time periods (hundreds of years).
Site 855
The U37 index for the samples from Site 855, the off-axis recharge area, range from 0.13 to 0.46 (Table 1, Fig. 3A ), equivalent to a growth temperature range from 7° to 15°C overall and 6° to 8°C in the deeper sections (85-110 mbsf). Using the same calibration of Sikes and Volkman (1993) growth temperatures estimated from index measurements made with depth in a sediment core collected -6°o f latitude farther south beneath the California Current (at 42°N, 127°W) are ~ 15 °C for the intervals from the present to the interglacial period and decline to ~ 11 °C for intervals from the past glacial period (U‰: 0.30-0.45; Prahl, unpubl. data) . The alkenone/alkane plots for these holes show a general depletion of alkenones vs. depth (Fig. 4A) , indicating invasion by higher temperature fluids in the past (i.e., from sill intrusions). 
Emiliania huxleyi
The data for the upper 30 mbsf of Hole 856A, 200 m north of the relict sulfide deposit, range from 0.31 to 0.36, showing conditions that are 11.3°-12.5°C, i.e., warmer than those in the deeper sections where the range is 0.26-0.29, equivalent to 10.1°-10.8°C (Fig. 3A) . The values in the upper 30 mbsf are slightly lower than the range of values observed in sediment trap materials and surficial sediments from locations at 3°-6° latitude farther south (U‰: 0.35-0.43) (Prahl et al., 1988 (Prahl et al., , 1993 . Examples of temperatures derived from this ratio measured in surficial sediments from the more tropical regions such as Site 658 in the eastern equatorial Atlantic Ocean (Poynter et al., 1989) , Site 686 on the Peru Margin (Farrimond et al., 1990a (Farrimond et al., , 1990b , and Guaymas Basin (sample All-112-29, PCI, which was used for hydrous pyrolysis) are also shown in Figure 3B for reference. The alkenone/alkane plot for Hole 856A (Fig. 4B) shows a high value at the seafloor and decreases to trace values with increasing depth below seafloor. The alkenones were not detectable in the bitumen extracts of sediments from Hole 856B, because this hole is in a relict vent system and thus probably was exposed to high temperatures throughout the section (Table 1) . Davis, Mottl, Fisher, et al. (1992) . b Hydrous pyrolysis of unaltered sediments showed that alkenones disappear just above 200°C over a one-day period. Site 857
The alkenones were detectable in the bitumen extracts of sediments from Holes 857 A and 857C to a depth of about 80 mbsf but not in the deeper sections (Table 1) . This is illustrated by the alkenone/alkane plots ( Fig. 4C ) with values in the range of 1.0 to 1.2. The presence of alkenones to that depth in these holes parallels the occurrence of Emiliania huxleyi (Table 1 ; Davis, Mottl, Fisher, et al., 1992) , although the molecular fossils disappear before the fossil tests, probably due to decomposition of the alkenones with increasing temperatures. Because the alkenones are not stable under significant thermal stress, their distribution is consistent with the current thermal regime (Davis, Mottl, Fisher, et al., 1992 ; Table 2 ). The samples from the upper 50 mbsf show slightly warmer sea-surface conditions (9°-ll°C, with a Uf 7 range of 0.22-0.31, Fig. 3A) , except for Sample 139-857A-2H-2, 73-75 cm, at 13.6 mbsf, which has aU‰ = 0.15, equivalent to 7.5°C. The deeper sections for both Holes 857A and 857C have Vf 7 = 0.17-0.32, equivalent to an average temperature of 9.7°C. The Uf 7 in the depth interval below 55 mbsf (Fig. 3A) is variable due to the low alkenone content, reflecting high thermal stress.
Site 858
The alkenones were detectable only in the bitumen extracts of sediments from Holes 858A, 858B, 858C, and 858D to a maximum depth of 16 mbsf, and generally only in the surficial sections (Table  1 , Fig. 3B ). Their presence in these holes parallels the occurrence of Emiliania huxleyi (Table 1 ; Davis, Mottl, Fisher, et al., 1992) , but here, too, the molecular fossils disappear before the fossil tests, due to higher in-situ temperatures ( Table 2 ). The thermal instability of these alkenones makes their distribution a useful temperature indicator. This is reflected in the alkenone/alkane ratios given in Table 1 and plotted in Figure 4D -F. The alkenones decrease rapidly with increasing depth below seafloor (values of 1.0) with the exception of a couple of concentration spikes for Holes 858A and 858B (Fig. 4D-F) . The U‰ values for Hole 858A range from 0.17 to 0.39, which are representative of sea-surface temperatures of 8°-13.2°C as observed for the other sites of this leg. The U‰ values for Holes 858B, 858C, and 858D average 0.32, excluding the samples with trace concentrations of alkenones, which correspond to about 11.5°C. The Uf 7 values in the depth intervals below 2 mbsf (below 8 mbsf in Hole 85 8A) are variable due to low alkenone concentrations, a consequence of high heat flow and hydrothermal alteration.
CONCLUSIONS
The C 37 alkenones are present in the shallow sections of most holes drilled during Leg 139. They indicate a range of growth temperatures during prymnesiophyte synthesis within surface waters of 7°-15°C, with an average of 10.7°C (Table 2) .
The depth below seafloor of a 200°C isotherm, that is, the depth where the in-situ temperature could have approached 200°C for a brief time, is estimated for each hole based on the disappearance of the alkenones (Table 2, Fig. 4 ). The present measured temperatures at these depths (Table 2) are < 80°C, indicating that alkenone alteration may be tied to lower temperatures over longer time. At Site 855, the recharge zone of the hydrothermal system and location of the reference holes, this depth correlates well with the distance from the fault scarp (i.e., Hole 855B, 30^10 mbsf; Hole 855A, >60 mbsf; and Holes 855C and 855D, 96 and 110 mbsf, respectively). At Site 856 only Hole 856A, on Bent Hill, yielded alkenones to 45 mbsf; the other holes analyzed had no alkenones. This confirms the relict high temperatures at this site about 200 m north from Holes 856B-856D. In Holes 857A and 857C the alkenones disappear at 85 mbsf, indicating horizontal isotherms across the 200-m distance between the holes. This is consistent with the interpretation that a hydrothermal reservoir lies under this site, although the surface heat flow is different between the two holes. Site 858 is in the active vent area. Hole 858A, located -200 m off center, had a hot fluid incursion at 1.5 mbsf and the 200°C isotherm is at about 16 mbsf. Hole 85 8C is at the edge of the vent area and the alkenones disappear in the 4-10 mbsf interval. Holes 858B and 85 8D are in the center of the vent area and the alkenones are depleted at the shallowest depths, which are 3-7 and 5 mbsf, respectively. The consistent fit of the disappearance of the alkenones with the observed heat flows makes these alkenones useful thermal probes.
